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Synopsis
Effects of hot or cold deformation and thermal history on the a phase precipitation in (A) a 25Cr-7Ni-3Mo and (B) a 23Cr-6Ni steels with ferrite/austenite (air) duplex structure have been studied. Results obtained are as follows:
(1) The incubation time for the 6 phase precipitation in Steel B was a couple of orders of magnitude longer than that in Steel A. This should be attributed to the difference in chemical composition between two steels, especially in a phase, where the majority of i phase is known to precipitate.
(2) a phase precipitation is enhanced by hot work or thermal strain as well as cold work. The enhancing effect of cold work is predominant, and the precipitation of 6 particles is observed in r grains as well as in a grains.
(3) The precipitation of a phase is retarded by the prior heating history before aging; (a) heating at the a single phase region or (b) remelting. Especially the effect of the treatment (b) is remarkable. These retardation effects can be ascribed to homogenization of alloying elements by these heat treatments. The difference between the cases of (a) and (b) is thought to result from the degrees of their homogeneities.
I. Introduction
Duplex phase stainless steels have been used in many fields of chemical industry such as desalination plants because of their high strength with high toughness as well as excellent corrosion resistance.'-15) Although such properties are mainly due to the ferrite/ austenite (a/i) duplex structure,'-9) the metallurgical aspects of these materials have not been fully understood. In particular there are many points to be clarified in the a phase precipitation behavior in relation to a embrittlement during the process of production, because the precipitation rate of a phase is relatively fast. 3, [16] [17] [18] [19] [20] [21] Thus the possibility of the occurrence of a embrittlement during the production is an extremely large problem from the practical point of view. The static behavior of a phase precipitation in a 25Cr-7Ni-3Mo steel with aft duplex structure has already been published previously, and the precipitation of a phase in this steel was found to be quite fast.16) It is also likely that the precipitation is seriously influenced by various factors such as cold work, considering the results established in austenitic or ferritic stainless steels. [22] [23] [24] [25] [26] In the present study, the effects of plastic deformation and prior thermal history on the a phase precipitation in a 25Cr-7Ni-3Mo and a 23Cr-6Ni duplex phase stainless steels have been investigated in order to understand the a embrittlement during the production.
II. Experimental Procedure
Chemical compositions of steels used are given in Table 1 , in which chromium equivalent (Creq)* and nickel equivalent (Nieq)** are also given (* : Creq= Cr+Mo+1.5Si, and **: Nieq=Ni+0.5Mn+30C+ 25N in weight percent of each element).27) Steel A which has the same chemical composition as that examined in the previous paper16) was melted in a 100 kg induction furnace in air. The ingot of Steel B was a commercial heat and was supplied at the factory. These ingots were forged and hot rolled into 12 mm thick plates. The microstructures of the plates were a/r duplex structure, austenite islands being distributed within the ferrite matrix. The volume ratios of a to r were about 6:4 and 7:3 in Steels A and B, respectively. These austenite islands were found to disappear by heating at about 1 300 °C and 1 250 °C for Steels A and B, respectively.
In order to investigate the effects of plastic deformation or thermal history on the a phase precipitation during isothermal holding, the specimens were deformed and/or heat treated, as shown schematically in Fig. 1 . Firstly, each specimen was preheated at 1 250 °C for 30 min in an electric furnace and quenched into a salt bath kept at a given temperature in the range 700-'1000 °C. After keeping isothermally for a given time, the specimen was quenched into water ( Fig. 1(a) ). In addition to this, the preheating temperatures, 1 050 and 1 350 °C, were also employed in order to reveal the effect of heating temperature. In the treatment of Fig. 1(b) , each specimen was preheated at 1 050N 1 550 °C for 30 min and quenched into water before isothermal holding in the salt Table  1 . Chemical compositions of steels used.
(wt%)
Transactions ISIJ, Vol. 23, 1983 bath. In the case of preheating at 1 550 °C, the specimen was melted in an alumina crucible with 40 mm height and 22 mm diameter, cooled in the furnace to about 1 400 °C and kept for 3 min at this temperature to complete solidification before water quenching. The precipitation in the weld heat affected zone (HAZ) was examined using the specimen of 10 mm diameter prepared parallel to the rolling direction by means of induction heating at a rate of 130 °C/s ( Fig.  1(c) ). After keeping at 1 300 °C for 1 s, the specimen was cooled to room temperature at a rate of 30 °C/s . The temperature was controlled using thermocouple fixed to the specimen surface by spot welding.
To examine the effect of hot work, the specimen was hot rolled by one pass from 12 mm into 6 mm (50 % reduction) at a given temperature in the range 700' 1 000 °C after preheating at 1 250 °C ( Fig. 1(d) ). After hot rolling, each specimen was also treated in a salt bath. Hot rolling temperature was measured by means of a radiant thermometer and was controlled within ±20 °C for the given temperature. In order to evaluate the effect of cold work, the plates solutiontreated at 1 050 °C were cold rolled to 1.4 mm thickness (l2.5'.'80 % reduction), as in Fig. 1 (e). After cold rolling, the similar isothermal aging was carried out. After hot or cold work and/or heat treatment, optical microscopy and the determination of a, r and a phase fractions were performed by the same methods as in the previous paper.16) In order to observe the precipitates in detail, the specimen deeply etched28~ was examined in a scanning electron microscope. The extraction replica for these precipitates were identified by means of selected area electron diffraction technique. Thin foil electron microscopy was also carried out. The prepared specimens of about 1 mm thickness were thinned by the electrolytic polishing in phosphoric acid saturated with potassium chromate.
The effects of thermal history on the a phase precipitation during cooling were also investigated. The specimen was remelt in the alumina crucible by heating to 1 550 °C, and cooled at a certain rate in the range lON0.5 °C/min. This cooling rate was controlled at temperatures below 1 400 °C. Above this temperature, the specimens were cooled in a furnace because of the difficulty in temperature control before solidification. Optical microscopy and the determination of a phase were performed using both specimens continuously cooled to room temperature and those water-quenched from a given temperature during continuous cooling, and the CCP diagram was constructed using the results obtained.
III. Experimental Results

The Factors Affecting the Isothermal Precipitation
1.
Effect of Chemical Composition Figure 2 shows the TTP diagrams for the 2.5 % precipitation in both steels after preheating at 1 250 °C . They were constructed by the variation of a phase fraction with isothermal holding time at each temperature. By a few percent precipitation, the Charpy impact value at room temperature decreases largely as reported in the previous paper.16) From the results in the figure, it can be seen that the precipitation rate in Steel B is about 100 times smaller than in Steel A, and that the nose temperature in Steel B is slightly lower. Although, quite small amounts of M23C6 precipitates were also recognized in the X-ray diffraction measurement, the effect of the carbides was not discussed in the present investigation. Photograph 1 shows the typical examples of the microstructures after aging in both steels. In the photographs, a, r and a phases were colored gray, white and black, respectively, by the electrolytic etching in KOH solution. In Steel A, a particles were observed to nucleate at the a/r interfaces and grew into the adjacent a grains and thereafter the eutectoid decomposition of a phase into a and new r phases occurred (Photo. 1(a)) as discussed in the previous paper.l6j On the contrary, the behavior in Steel B seemed to differ from that in Steel A, i.e., the small r particles precipitated at the grain boundaries as well as in the grains of the ferrite as shown in Photo. 1(b). The difference between both cases can be explained in terms of the microstructures of a and r phases before a phase precipitation, and the detail will be discussed later in the effect of prior thermal history. In Steel B, a particles are also observed to nucleate at the afr interfaces, and an essential difference may not exist in the mechanism of the a phase precipitation between both steels.
The difference in the precipitation rate between both steels can be ascribed to the chemical composition, especially that in a phase, where the majority of a phase precipitates,16,21) except the effect of the microstructure before aging.
From the results in Fig. 2 , it can be seen that there are no possibilities of 6 embrittlement during production in Steel B, even when the effect of the prior microstructure is considered. Hereafter, the experimental results discussed will be confirmed to those of Steel A and the results of Steel B will not be cited without notice. 2. Effect o£ Thermal History Figure 3 shows the variations of a phase fraction with isothermal holding time at 800 °C, where the precipitation rate was found to be largest in Steel A as in Fig. 2 , after various thermal histories. The relations of time for 10 % precipitation of a phase with thermal histories are summarized in Fig. 4 for comparison of the relative precipitation rates of each case. From these results, it can be concluded that the precipitation is enhanced by water quenching before aging. This enhancement could be explained by the fact that the lattice defects introduced by water quenching act as potent nucleation sites for the precipitation.
As to the effect of preheating temperature, the precipitation rate decreased with increasing preheating temperature. At the temperature below 1 300 °C, a/r duplex phase region, this retardation effect was relatively small. Compared with this, the effect of preheating to a single phase region above 1 350 °C was quite large, especially remarkable after remelting at 1 550 °C. The optical microstructures quenched from various heating temperatures are shown in Photo. 2. Below 1 300 °C, the microstructure showed a/r duplex structure with austenite islands in ferrite matrix as in Photos. 2(a) and (b). In this temperature range, the austenite grain size decreased and the fraction decreased with increasing temperature. The austenite islands disappeared by heating to temperaPhoto.
1. Microstructures after aging. In the case of heating at 1 550 °C, the specimen was remelted at this temperature and furnace cooled to 1 400 °C for solidification before water quenching. 
Transactions ISIJ, Vol. 23, 1983 ture above 1 300 °C. The austenite at the ferrite grain boundaries in Photo. 2(c) could form during cooling. Such a quite fast precipitation in Steel A is thought to be due to the high content of N. In fact, in Steel B which contains small amount of N, such austenite grains formed at ferrite grain boundaries were not recognized in the specimen quenched into water from a single phase region as high as 1 300 °C. H. Hoffmeister and R. Mundt reported the similar effect of N on the precipitation of austenite in the weld meta1.29) Photograph 3 shows the typical examples of the microstructures with a phase precipitation after various thermal histories. The preheating in the a/r duplex phase region followed the a particle nucleation at the al r interfaces and the growth into a grains and then the eutectoid decomposition of a into a and new Y phases occurred as in Photo. 3(a) or Photo. 1(a). In these cases, any change of the prior austenite grains can not be recognized in the optical microscopy (Photos. 2(a) and 3(a), or Photos. 2(b) and 1(a)). The microstructure after preheating at 1 350 °C in the a single phase region (Photo. 3(b)) is similar to that after preheating at 1 050 °C ( Photo. 3(a) ), except the size of austenite islands. However the microstructure in Photo. 3(b) shows the a phase precipitation after coalescence and spheroidizing of Widmanstatten austenite, and the process is quite different from that in the case of Photo. 3(a). Photograph 3 (c) is the example showing the microstructure with a phase precipitation after water quenching followed by preheating at 1 350 °C. Very fine particles of a and r phases are observed in the photograph, and the microstructure is quite different from that in Photo. 3(b) . This difference is due to water quenching before aging and shows that lattice defects introduced by water quenching act as the nuclei for the precipitation of r and a phases. The enhancing effect of water quenching, observed in Figs. 3 and 4 , can be explained by these results. After remelting at 1 550 °C , the microstructure was observed to be quite similar to that in Photo. 3(c) .
The process of a phase precipitation after preheating at 1 250 °C in Steel B was similar to that preheated at 1 350 °C in Steel A, as shown in Photos. 1(b) and 3(b), respectively. This can be explained by the fact that r phase vanishes into ferrite matrix by heating at these temperatures for both steels. Photograph 1(b) shows that a particles begin to precipitate during coalescence and spheroidization of the austenite nucleated. The similar phenomena were observed at the first stage of a phase precipitation after preheating at 1 350 °C in Steel A.
The relatively small retardation of the a phase precipitation by increasing preheating temperature in a/r duplex phase region can be explained in terms of both the area of a/r interfaces nucleating a phase and the chemical composition of a phase, i.e., with increasing preheating temperature, the a/r interface decreases and ferrite forming elements such as Cr, Mo and W will be thinned in the ferrite, as the r fraction decreases with coalescence and spheroidization. The thinning of ferrite forming elements will retard the a phase precipitation in a phase, because such elements are also concentrated into a phase as already reported in the previous paper.is)
The large retardation effect by heating to a single phase region can be attributed to the homogenization of each element. By remelting at 1 550 °C, the retardation effect becomes much larger, since the homogenization should be done completely. These results are very important in understanding a phase precipitation and a embrittlement of as-cast materials such as welded metal, ingot or continuous casting slab. The precipitation behavior of a phase in the simulated HAZ was similar to that preheated at 1 350 °C, and the precipitation rate was also quite smaller than one solution-treated at 1 050 °C. In the welding, although the material should be exposed several times to the temperature range of a phase precipitation, the heating time would be too short to produce the possibility of a phase precipitation in HAZ. Figure 5 shows the variations of a phase fraction 
Effect of Hot Work
with aging time at 800 and 900 °C after hot rolling. The plates were rolled in 50 % reduction after preheating at 1 250 °C. The precipitation was largely enhanced by the hot work. Photograph 4 shows the typical microstructure, in which relatively fine particles of i and new r phases are observed within the prior a grains as well as in the vicinity of the a/r interfaces. The enhancing effect and the morphology of 6 phase precipitation can be ascribed to the lattice defects introduced by hot work. It can be seen that the nucleation and growth of a and new r phases occurred before the recovery or the recrystallization of the ferrite. In the specimens treated similarly at 700 and 1 000 °C for less than 80 min, c phase was not recognized in the X-ray measurement.
In view of practical application, the results in Fig.  5 are extremely important. It can be seen that hot work at around 800 -900 °C should be done carefully, because o-phase precipitation decreases hot ductility as also reported in the previous paper.is} In addition to this, the precipitation rate during cooling after hot work would become larger. For instance, if the coiling of the hot-rolled products are achieved in this temperature range, a large amount of r phase will be formed because of the quite small cooling rate and the accelera tion of the precipitation by the hot work, and consequently, it will become impossible to decoil because of hardening and embrittlement due to 6 phase precipitation. Therefore the hot rolling should be finished above the dangerous temperature range, and the material should be coiled after rapidly cooling down.
Effect of Cold Work
As shown in Fig. 6 , the phase precipitation was remarkably enhanced by the cold work. Especially after cold-rolling in 80 % reduction, the precipitation was found to begin even by aging for a quite short time at 800 °C. In the specimen soaked for 1 mm in the salt bath kept at 800 °C, a phase is clearly recognized by X-ray diffraction, though the line profile was quite broad. This was interpreted as the result of the strain mostly unrelieved. This shows that Q phase precipitation begin to occur before the recovery of matrix.
The results in Figs. 5 and 6 are summarized in Fig.  7 as in Fig. 4 , in order to compare the enhancing effects of hot and cold work. As the thermal history is different, the correction is necessary for the comparison. It can be seen that the enhancing effect of 12.5 % cold-reduction is rather smaller than that of Photo. 4 . Microstructure of Steel A after hot deformation and aging; 1 250 °C X 30 min+hot rolled in 50 % reduction by one pass at 900 °C+900 °C X 20 min. 50 % hot-rolling, and the effect of hot work was significantly large. The examples of microstructures showing i phase precipitation after cold work are given in Photo. 5. Very fine 6 and newly formed r particles are observed in the prior ferrite grains. Besides this, the precipitates are also recognized in the prior austenite grains as in Photo. 5(d). The specimen in Photo. 5(d) was deeply etched for scanning electron microscopy. The micrograph is shown in Photo. 6, in which lamellar structure comprising thick and thin precipitates is recognized. It can be seen that these areas correspond to prior a and r phases respectively by the comparison between Photo. 5(d) and Photo. 6. These precipitates in both prior a and r phases were identified as 6 phase by the selected area electron diffraction pattern using the replica extracted from the deeply etched specimen. Transmission electron microscopy was also carried out in order to understand clearly the precipitation of c phase in the prior r phase. A typical example is shown in Photo. 7. In most cases, o phase was observed to precipitate at the crystal boundaries such as twin boundaries. This phenomenon is analogous to that established in the austenitic stainless steels by S. Nenno et al.24) In the previous paper,is) the mechanism of r phase precipitation in duplex phase stainless steels was proposed as following; Q phase is formed mainly by the eutectoid phase decomposition of The results obtained in the present investigation also support the reaction (2).
The results in Figs. 6 and 7 show that a phase can be formed in a quite short time in the material after heavily cold work. In fact, 6 phase can precipitate even during heating for solution treatment after cold work. However it was confirmed that a phase formed during and/or before heating disappears easily by holding for a short time at temperatures above 1 050 °C cipitation after (a) heating at 1 050 °C for 30 min and (b) remelting at 1 550 °C. The case (a) corresponds to that of practical solution treatment and the result was reported in the previous paper.1fi) The case (b) simulates the cooling of as-cast material, and the cooling rate was controlled after the solidification at 1 400 °C. Optical microstructures at various cooling rates were summarized in Photo. 8, with the numbers showing those in Fig. 8 . The phase precipitation was clearly observed in the specimens of ®, ® and QQ , and was not recognized in 9® and Q2 . From these results, it can be concluded that the precipitation during cooling is also influenced by the thermal history, and that the precipitation after remelting is much smaller than that after ordinary solution treatment. This retardation can be explained by the homogeneity of each element before aging as discussed similarly in Section 111.1.2.
Effect of Prior Heating
The result in Fig. 8 shows that the Q phase precipitation is rather difficult in as-cast materials such as ingots, CC slabs and welded metals. Recently, as the demand of duplex phase stainless steels has increased, the trend toward continuous casting for the mass-production significantly increased. However, the application of continuous casting for these steels has been believed to be quite difficult because of the c embrittlement. By considering both the practical cooling and the precipitation rates, it is not difficult to produce CC slabs without 6 embrittlement in the steels such as Steel A.
In fact, the continuous casting was possible to produce without any difficulty in mill trial. However, in the continuous casting, a method in which the applied stress acting on the slab is small should be selected because the small amounts of c phase precipitation could not be suppressed in the inner part of the slab.
Iv. Discussion
Effect of Strain on the a Phase Precipitation
The strain introduced by hot or cold work enhanced the a phase precipitation (Sections III. 1.3 and III. 1.4). The precipitation was also accelerated by the strain introduced by water quenching. There have been some reports dealing with the enhancing of the precipitation by cold work in ferritic or austenitic stainless steels. 22, 26) In duplex phase stainless steels, the enhancing effect is very important in view of practical application because of their quite fast precipitation rates.
The a phase precipitation in duplex phase stainless steels occurred by the reactions (1) and (2) 
Transactions ISIJ, Vol. 23, 1983 rate in duplex phase stainless steels can be explained in terms of the existence of a/r interfaces, except the effect of chemical compositions. The interfaces can enhance the migration of atoms toward more stable sites in addition to the role as nucleation sites. In the specimen aged after deformation, recovery, recrystallization and the phase separation can occur simultaneously with microsegregation of each atom. These behaviors can be the thermally activated process influenced by the diffusion of each atom. The lattice defects introduced by deformation can enhance the diffusion in a and r phases and can act as the nucleation sites for of phase precipitation and/or recrystallization. These phenomena were investigated in detail by means of transmission electron microscopy using the specimens aged at 800 °C after 80 % cold reduction. In the prior a grains, 6 particles were nucleated before recovery, and the recovery was retarded by the fine particles of Q phase. This can explain the enhancement of 6 phase precipitation by cold work. These phenomena agree well with the results established in the ferritic stainless steels.22) While in the prior r grains, a very small amount of 6 phase was observed to nucleate after nearly complete recovery as in Photo. 7. This is also similar to that in austenitic stainless steels. [23] [24] [25] [26] In this way, the behavior of c phase precipitation in a and r grains can be explained analogously as ferritic and austenitic stainless steels, respectively. But in the duplex phase stainless steels, a and r phases do not exist independently and each atom can move through a/r interfaces in microsegregation. These are completely different from other steels. The enhancement of Q phase precipitation by hot work can be explained similarly. In this case, the accumulation of lattice defects should be rather small because of the strain relief during and/or after hot working. However, the effect was relatively large as in Fig. 7 . This can be also ascribed to the preceding nucleation and growth of Q particles before recovery or recrystallization.
2. Effect of Prior Thermal History on the a Phase Precipitation The s phase precipitation was retarded by increasing the prior heating temperature.
In the a+r region, the effect is small, and the r grain size decreased and the fraction of a increased, with increasing heating temperature. This effect would result from both the decrease in the of interface acting as the nucleation sites for a phase, and the decrease in the amount of U forming elements such as Cr, Mo and W in a phase where most of a phase precipitate.
On the contrary, the retardation effect by heating to a single phase region was found to be quite large, especially after remelting (Figs. 3 and 4) . These effects can be attributed to the homogenization of each element by these treatments, i.e., the preceding r phase precipitation in microsegregation should be necessary before a phase precipitation. The difference in both cases can result from the homogeneities. Complete homogenization could not be obtained even by heat-
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Article ing to a single phase region. At the first stage of heating, the change from a/r duplex phase to a single phase could occur mainly by the diffusion of light elements such as C or N. Substitutional elements such as Cr, Ni or Mo could not migrate to thermal equilibrium state by holding for shorter time at a single phase region. Therefore, there can be the microsegregation in the case of heating to a single phase region, though the degree could be quite small in comparison with that in the a+r region. The retardation of a phase precipitation by heating to a single phase region was reduced by water quenching before aging as in Fig. 4 . Similar effect can be recognized in the case of remelting before aging as shown in Figs. 4 and 8, i. e., the retardation effect after pretreatment without water quenching is larger (Fig.  8) than that with water quenching (Fig. 4) .
V. Conclusion
Effects of hot or cold deformation and prior thermal history on the precipitation of a phase have been studied in (A) a 25Cr-7Ni-3Mo and (B) a 23Cr-6Ni stainless steels with ferrite/austenite (a/r) duplex structure. The results obtained are as follows :
(1) Precipitation rate of a phase in Steel A was about 100 times faster than in Steel B. This can be attributed to the difference in chemical composition between both steels, especially in a phase where most of a phase precipitate.
(2) a phase precipitation was enhanced by hot work or thermal strain as well as cold work. The enhancement of a phase precipitation by cold work was predominent, and the precipitation of a phase was observed in r grains as well as in a grains. From this result, a phase can occur by the reaction of r --* a in addition to the main reaction of a -p a+r. These enhancement can be explained by the lattice defects which act as the potent nucleation sites and accelerate the migration of each atom for these reactions.
(3) The precipitation of a phase was retarded by increasing the prior heating temperature. This would result from the difference in chemical composition of a phase. Much larger retardation of a phase precipitation was observed in the case of heating to a single phase region due to homogenization of each element. The effect of remelting before aging was remarkable. The difference in both cases can result from their homogeneities.
These results show that the precipitation rate is small in the as-cast materials such as welded metals, ingots or continuous casting slabs, and are significantly important for practical applications.
